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Abstract: It is commonly believed that furniture spring systems are far more durable and friendly to use than foam systems. The aim
of this research project was to design and realise models of individual auxetic compression springs and determine their resistance to
cyclic as well as prolonged static loads. The study was conducted using numerical calculations and verification of results by laboratory
experiments. The results of the performed investigations made it possible to conclude that the designed spring had stiffness characteristics
similar to the compression characteristics of polyurethane foams. Cyclical and prolonged static loads have no significant influence on
changes in spring heights; their impact on the comfort of seating is insignificant. New construction of springs guaranteed the auxetic
properties of systems made up of many parallel-joined spring systems. Due to such properties, seats designed using auxetic springs can
exhibit high comfort levels in comparison with traditional systems made of wire springs or foams.
Key words: Auxetic structures, numerical analysis, seating, silicon model, spring

1. Introduction
Spring systems used in furniture are universally considered
to be much more resilient and user-friendly than foam
systems. However, the literature on the subject is primarily
dominated by research articles dealing with issues
associated with the selection, modelling, and stiffness
analysis of seating made from conventional foams (Chow
and Odell 1994; Ferrarin et al. 2000; Ebe and Griffin 2001;
Gonget al. 2005; Linder-Ganz et al. 2005; Schrodt et al.
2005; Smardzewski and Wiaderek 2007; Smardzewski et
al. 2008; Vlaovic et al. 2008; Grujicic et al. 2009; Lusiak and
Smardzewski 2010; Silber et al. 2010; Smardzewski et al.
2010a, 2010b; Wiaderek and Smardzewski 2010a, 2010b)
as well as seating made from auxetic foams (Lakes 1987,
1992; Choi and Lakes 1992; Brandel and Lakes 2001; Scarpa
et al. 2004; Petre et al. 2006; Alderson and Alderson 2007;
Bezazi and Scarpa 2007; Webber 2008; Bezazi and Scarpa
2009). It was emphasised in the above-mentioned articles
that high user comfort in seats and mattresses was achieved
by using materials with nonlinear, progressive stiffness
characteristics. With these characteristics at slight loads
the seating was very soft, underwent large deflections, and
created little contact stress in the case of contact with the
user’s body. The same seats, at increasing loads, increased
their stiffness via a disproportional decrease in deflections
while compensating for contact stresses (Smardzewski
and Grbac 1998; Chu 2000; Verver et al. 2004; Wang and
Lakes 2004; Smardzewski et al. 2005, 2006; Smardzewski
* Correspondence: jsmardzewski@up.poznan.pl

and Matwiej 2007; Wiaderek and Smardzewski 2008;
Smardzewski 2009). There is, however, a lack of
comprehensive discussion in the literature regarding the
need to change the shapes and stiffness characteristics
of springs. Only a few papers addressed the need to
replace springs possessing linear characteristics with
springs having progressive characteristics (Smardzewski
1993a, 1993b, 1993c; Kapica and Smardzewski 1994;
Dzięgielewski and Smardzewski 1995; Smardzewski and
Matwiej 2006; Smardzewski 2006, 2008a, 2008b, 2009).
The need to introduce these changes is associated with
anthropotechnical premises which require consideration
of the individual requirements of able-bodied and disabled
persons (Ambrose 2004; Smardzewski et al. 2005; Winkler
2005; Vlaovic et al. 2008; Smardzewski 2009; Smardzewski
et al. 2010a). Among the most interesting structures are
those characterised by negative Poisson’s coefficients.
Their distinctive features include concave arms, greater
deformations within elastic range, and considerably less
stiffness than materials having identical relative density
but a skeleton topology forming convex polygons. The
following researchers work in the field of modelling and
investigation of auxetic cell materials: Lakes (1987), Choi
and Lakes (1992), Evans and Alderson (2000), Grima and
Evans (2000), Brandel and Lakes (2001), Wojciechowski
(2003), Scarpa et al. (2004), Alderson and Alderson (2005),
Gaspar et al. (2005), Spadoni et al. (2005), Wei (2005),
Grima and Evans (2006), Alderson and Alderson (2007),
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2. Materials and methods
The design of the auxetic compression spring was based
on the structure presented in Figure 1. The shape of this
structure is reminiscent of the auxetic cell of a honeycomb.
Its compression strength depends on the properties of the
material from which it was made, whereas the Poisson’s
coefficient values depend on its geometry (Abd El-Sayed et
al. 1979; Gibson et al. 1982). According to Almgren (1985),
Gibson et al. (1988), Evans (1990), Warren (1990), and
Evans et al. (1991), Poisson’s coefficients for such systems
can attain values considerably below –1.
Assuming the designations in Figure 1, deformations
in directions 1 and 2 caused by axial compression in the
direction of 2 can be written as follows:

2

hence,
f2 =

(cos {–cos ({ + 1))
cos {

h'

0.5 Δ h

y 12 = y1
21

(6)

Assuming that l = 40 mm and a = 80 mm, Figure
2 presents value changes in Poisson’s coefficient (υ21)
in the function of the arms’ inclination angle (φ). It
becomes evident that for the designed spring, it would be
advantageous to assume the arms’ inclination angle φ<10°,
30°>, because in this range Poisson’s coefficient attains
values ranging from –7 to –3. Hence, for design purposes,
the middle value of 20° was adopted. Assuming further
that, as a result of uniaxial compression, the maximum
inclination angle will reach φ’ = 50°, value changes in
Poisson’s coefficient in the ratio function of the length of
the base (a) to the length of arms (l) are presented in Figure
3. It is clear from Figure 3 that small values of Poisson’s
coefficient were achieved for the a/l < 3 ratio. Moreover, in
the course of compression the arms of the spring cannot
come into contact with each other (Figure 1); i.e. l < a/2.
As a result, it was finally assumed that l = 37.2 mm.
Figure 4 presents the calculation sketch and illustration
of the auxetic spring model together with the dimensions
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Therefore, Poisson’s coefficients are expressed by the
following equations:
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Figure 1. Model of an auxetic structure.
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Bezazi and Scarpa (2007), Grima et al. (2008a, 2008b),
Webber et al. (2008), and Bezazi and Scarpa (2009).
According to their investigations, supporting a body on
a seat manufactured from auxetics causes the vectors of
internal forces to be sensed towards its centre, eliminating
unfavourable friction forces and improving the utilisation
comfort of a given piece of furniture. Therefore, the
properties of auxetic materials should perfectly suit the
requirements for materials intended for seat construction
in both office and recreational furniture.
The aim of this research project was to design and
realise physical models of single auxetic compression
springs. Further objectives were to determine stiffness
of the designed models, compare the obtained results
with results of numerical calculations, and ascertain the
durability of the springs in conditions of long-term, cyclic,
and static loads.

-100
-120

Figure 2. Dependence of Poisson’s coefficient on the arms’
inclination angle (l = 40 mm, a = 80 mm).
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Figure 5. Silicon spring models.
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Figure 3. Dependence of Poisson’s coefficient on ratio of the
length of the base to the length of the arm (φ = 20°, φ’ = 50°).
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necessary to make silicon prototypes. Poisson’s coefficients
for the adopted dimensions (φ = 20°, φ’ = 50°, l = 37.2 mm,
a = 80 mm, a/l = 2.15) amounted to υ21 = –1.81 and υ12 =
–0.55, respectively.
Spring prototypes were prepared by silicon injection
moulding technology. After solidifying in moulds, the
silicon was characterised by a Shore’s hardness of 75. In
order to simplify the technology of spring panel assembly,
they were glued from 2 symmetrical halves with the
assistance of silicon. Soft, inextensible mesh was glued
between the 2 halves of the springs (Figure 5). The applied
mesh was intended to ensure bending and movement of
the spring arm into its interior and to eliminate undesirable
outside bending. Additionally, in order to secure the effect
of axial compression of spring arms, 2 stiff, circular covers
5 mm thick were designed and mounted to springs by
means of catches passing through an orifice in the base of
the spring (Figure 5). The covers were made from hard PA
2200/PA12 (E = 1700 MPa) polyamide by SLS technology
on a 3D printer. A total of 40 springs were prepared for
investigations.
Prior to the initiation of the main experiments, the
spring height (segment 12 in Figure 6) was measured.
The measurement was taken by digital image correlation
(DIC) analysis. The measurement station consisted of

15
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l =3 7

4

R8

,2
a/2=4 0
55

a Basler A102K digital camera with 1392 × 1037 pixel
CCD converter resolution and maximal 10-bit greyshade representation. The camera was connected via
Frame Grabber card to the IMAQ™ Vision Builder v.6.1
National Instruments program used for image acquisition.
The object of investigation was placed 0.5 m from the
camera lens and lighted from the same distance using
2 incandescent light sources of 60 W each. The edge
detection method was used to measure length (Figure 6).
Twenty springs were subjected to axial compression on
a Zwick 1445 test machine using 100 mm min–1 loading
velocity. In the course of measurement, the following
parameters were recorded: pressure forces with 0.01 N
accuracy and deflection with up to 0.01 mm accuracy.
The loading was terminated once it achieved a value of 40
N. In the results of the tests, stiffness characteristics were
obtained and presented in the form of dependence force = f
(deflection). Another 10 springs were subjected to uniaxial
compression using a cyclic force. The investigations were
carried out in accordance with BS EN 1728:2001 standard
requirements (British Standards Institution 2001). Each
of the examined springs was loaded with a force of 100
N applied with 0.2 Hz frequency. Investigations were
terminated when 10,000 load cycles were applied. The
height of the spring (segment 12 ) was then measured
by the DIC method, and, on the basis of the difference
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Figure 4. Model of an auxetic spring calculation sketch and a
3D model.

2

Figure 6. Determination of points for measurements of spring
dimensions.
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between the initial height and the height after experiments,
the value of permanent deformation was determined.
The remaining 10 springs were subjected to uniaxial
compression with a force of 100 N applied to the spring for
a period of 60 days. After this period, the height of springs
(segment 12) was measured by the DIC method. The value
of permanent deflection was determined on the basis of
the difference between the initial and final spring heights.
The stiffness characteristics of modelled springs were
determined using the method of numerical calculations,
and the obtained results were compared with the results of
experimental investigations. Virtual modelling of the spring
shape was carried out in a computer-integrated Autodesk®
Inventor® Professional 2011 CAD/CAE application. The
model was stored in a file in STP format and, as a solid,
imported into an Autodesk® Algor® Professional 2011
system capable of carrying out calculations using the finite
elements method. Next, appropriate meshes made up of
20-node solid elements of mesh density of at least 1 mm
(Figure 7) were generated. The bottom cover of the spring
was supported in a nonslidable manner in 3 directions.
In addition, master and slave surfaces were defined for
all surface pairs of spring arms and bases that could come
into contact with each other in the course of compression.
A perpendicular surface load with a total value of 40 N
was applied to the top cover. The spring material (silicon,
Shore’s hardness 75) was treated as a noncompressible and
hyperelastic body, as described by the Mooney–Rivlin
model, with 2 parameters:
W = C 10 _ I 1 - 3 i + C 01 _ I 2 - 3 i + 1 _ J el - 1 i2
d
where:
d = 2/k 					
K=

E
– bulk modulus,
3 (1 - 2v)

(7)
(8)

μo = 2(C10 + C01) – shape elasticity modulus,

C10 and C01– coefficients determined in the course of
experiments.
For the employed material (silicon, Shore’s hardness
75), the following values were adopted: E = 9.32 MPa, C10
= 1.05 MPa, C01 = 0.3 MPa, and k = 7.77 MPa. The task
was defined as nonlinear, taking into consideration large
displacements and realising 100 iterations per second.
As a result of the performed calculations, stiffness
characteristics were obtained and presented in the form of
strength = f (deflection) dependence. It was further decided
to carry out a numerical compression simulation of a panel
made up of 25 auxetic springs connected parallelly (Figure
8). Spring bases were supported in a nonslidable manner
in direction 2, ensuring the possibility of translation in
horizontal directions 1 and 3. Surface loads with a value of
40 N were applied to the top surfaces of springs designated
by numbers 1–7. On the basis of the calculations, system
deflection values in directions 1, 2, and 3 as well as overall
shape of the seating deformation were presented.
3. Results
Figure 9 presents the forms of spring deflections obtained
in the course of the laboratory tests as well as during
numerical calculations. In both cases, these deflections are
characterised by similar forms and indicate that, following
the bending of the spring arms into their interiors, the 34
segment underwent considerable shortening. In addition,
surface contact between spring arms occurred only during
the final stage of compression. Figure 10 illustrates the
stiffness characteristics of springs subjected to axial
compression. It is apparent from these characteristics

(9)

E – linear elasticity modulus,
υ – Poisson’s coefficient,
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Figure 7. Network model of a spring for numerical calculations.
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Figure 8. Mesh model of the 25-spring panel.
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Figure 11. Differences in spring height (C1, C2: before and after
cyclical loading; S1, S2: before and after prolonged static loading).

Figure 9. Image of physical and virtual model deformation.

that the shapes of curves determined experimentally
and by numerical calculation were similar. For each, 3
compression zones can be distinguished. The first zone
affects the initial stiffness of the spring when elastoplastic
deformations occur. This zone terminates together with
the initiation of the collapse, as illustrated by the nearhorizontal inclination of the dependence curve forcedisplacement. The second zone constitutes a plateau
region in which a rapid increment of displacements take
place at nearly constant load values. Finally, the third zone
begins together with the termination of the plateau zone,
indicating a monotonic increase in stiffness caused by the
contact action of the spring’s arms. In the case of Figure
10, the plateau zone is well illustrated by the results of
experimental investigations. On the other hand, numerical
calculations show that together with the termination of
the first zone, the force-displacement curve goes up at
a small angle with respect to the level, while small force
EXP

FEM

50
Load [N]

79.0

77.0

3.1381
-1.809
-6.757
-11.705
-16.653
-21.600
-26.548
-31.496
-36.444
-41.392
-46.340

60

79.5

Zone 3

40 Zone 1

Zone 2 - plateau

increments are accompanied by proportional increments
of displacements. Similar stiffness characteristics are
shown by porous materials subjected to compression such
as wood, the cores of cell panels, and, in particular, soft
polyurethane foams (Smardzewski and Grbac 1998; Adalian
and Morlier 2002; Smardzewski 2008a; Smardzewski et al.
2008; Radzai Said and Tan 2009; Smardzewski et al. 2010b).
These studies have also demonstrated that polyurethane
foams should be modelled as hyperfoam bodies of σ = f (ε)
characteristics determined during axis compression tests.
Contact stresses between the seat cushion and the user’s
body should be decreased as a result of application of a
frictionless combination of polyurethane foams in thin
layers and foams that form the proper elastic layer of the
seat. In addition, only low-density foams caused the lowest

Displacement (mm)
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-47.72
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Figure 10. Spring stiffness characteristics (EXP: result of
laboratory measurements, FEM: result of numerical calculations).

Figure 12. Virtual deformation of system of springs model.
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contact stress at the point where the user’s body contacts
the seat. At the same time, stresses inside thigh soft tissue
reached a value 2 times higher. These high stresses prevent
the use of high-density foam in furniture. Therefore, the
obtained characteristics of the examined compression
spring confirmed its suitability for practical applications.
An additional advantage of the discussed solution is the
fact that, in contrast to polyurethane foams, springs used
in furniture for sitting and lying ensure freedom of air and
moisture migration.
Figure 11 presents differences in the height of springs
subjected to cyclical and prolonged loading. It is evident
that as a result of cyclical loads the mean spring height
decreased by 1.3 mm, or 1.62% of the initial height. On
the other hand, following exposure to prolonged static
loadings, the height of springs decreased by an average of
2.7 mm, or 3.36%. Analysing the significance of differences
of the obtained values for dependent samples at P < 0.05
and using the t-test from the Statistica v.9.1 package, it was
demonstrated that those differences were nonsignificant.
Therefore, both cyclical and prolonged static loadings
exert identical influence on changes in spring height.The
height of the examined springs decreased from 1.63%
to 3.36%; there fore, small permanent deformations are
acceptable, and their impact on the comfort of furniture
users is insignificant.
4. Discussion
Assessing the values of acceptable stresses in the contact
between the human body and seats, Smardzewski (2009)
defined the comfort threshold as the stress level at which
the user can sit comfortably on a chair for a period of
more than 4 h. In addition, a comfortable seat should
ensure a uniform distribution of stresses spread over the
entire surface of support instead of stresses concentrated
at points or on a small surface. It was repeatedly stressed
in those studies that high user comfort in seats and
mattresses is ensured thanks to the use of materials with
nonlinear, progressive stiffness characteristics. With these
characteristics, under slight loads seats are very soft, are
subject to considerable deflections, and at contact with
the body of the user generate only slight contact stresses.
The same seats at increasing loads increase their stiffness

due to the unproportional reduction of deflections. At
the same time, they equalise mean contact stress in the
contact zone with the user’s body (Smardzewski and Grbac
1998; Chu 2000; Wang and Lakes 2004; Verver et al. 2004;
Smardzewski et al. 2005, 2006; Smardzewski and Matwiej
2007; Wiaderek and Smardzewski 2008; Smardzewski
2009). Support for the user’s body on a conventional seat
made with the use of typical springs and/or polyurethane
foams is connected to situations when vectors of internal
forces in the seat are directed outwards. As a consequence,
friction forces are generated between the user’s body and
the seat, causing tensioning of the cover fabric, clothing,
and skin of the user. By supporting the body on a seat made
from auxetics,the vectors of internal forces are directed
inwards, undesirable friction forces are eliminated, and
user comfort is improved. These properties of auxetics
should meet the requirements imposed on materials used in
the construction of office seats or home furniture perfectly.
The final stage of spring assessment was thecalculation of
deflections and displacements of the virtual system made
up of 25 parallel-linked springs. Figure 12 presents the
form of deformation of this system and deflection values
in the direction 2 = Y. It is evident that in the course of
compression in direction 2, the dimensions of the system
decreased in directions 1 and 3. Hence, the entire system
behaved auxetically. By moving towards the centre of the
system, springs could better support the user’s body. In
addition, the movement of springs towards the centre of
the seat ensures that the fabric used for upholstering will
not be stretched. This will eliminate high friction forces
between the user’s body and the seat, which constitutes the
main disadvantage of foam seating. Due to such properties,
seats designed using auxetic springs can provide high
comfort of utilisation in comparison with traditional
systems.The results of the performed investigations as
well as their analyses made it possible to conclude that the
designed spring exhibited auxetic properties, had stiffness
characteristics similar to the compression characteristics
of polyurethane foams, was characterised by small
permanent deformations, ensured auxetic properties of
systems made up of many parallel-linked springs, and was
suitable for use in furniture intended for sitting and lying.
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